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We report in this study that the sonication of laccase from Trametes villosa and bovine serum albumin promotes the formation of
protein aggregates with high molecular weight. The formation of aggregates leads to the deactivation of the enzyme, fact that was con-
ﬁrmed by the analysis of the enzyme stability (half-life time) upon ultrasound treatment. This inactivation was mainly caused by the
radicals formed by the cavitation phenomenon. It was veriﬁed that the addition of polyvinyl alcohol to laccase had a protecting eﬀect
against enzyme inactivation.
The performance of laccase in the decolourization of indigo carmine was studied. It was observed that the best results were attained
when the dye solution was treated with ultrasound and enzyme stabilized with polyvinyl alcohol, where more than 65% of decolouriza-
tion was achieved. This value is remarkably higher than that attained for the enzyme alone, which was only able to decolourize 20% of
the dye solution within 1 h of treatment. These results have important implications for the exploitation of sonication in textile industry,
where the pollution caused by the release of dyes into eﬄuents is one of the major concerns.
 2006 Elsevier B.V. All rights reserved.
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The application of enzymes in the textile industry has
known a vast growth over the last 20 years, being the third
most signiﬁcant segment of the industrial enzymes market
[1]. Those textile industrial processes are heterogeneous,
where the substrate are insoluble ﬁbres while the enzyme
is soluble, resulting in high and unacceptable processing
times due to mass transport limitation.
It is well known that ultrasound enhances the mass
transference in wet processes and thus power ultrasound
appears to be a very promising alternative technique as a
means of accelerating mass transfer in textile wet processes
such as dyeing or scouring [2–8].1350-4177/$ - see front matter  2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ultsonch.2006.07.005
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E-mail address: artur@det.uminho.pt (A. Cavaco-Paulo).Generally the sonication of a liquid causes two primary
eﬀects, namely cavitation and heating. When microscopic
cavitation bubbles collapse at the surface of the solid sub-
strate, they generate powerful shock waves that cause eﬀec-
tive stirring/mixing of the adjusted layer of liquid, being the
eﬀect of cavitation several hundred times greater in hetero-
geneous systems (e.g. all textile wet processes) than in
homogeneous systems [7]. Moreover, the sudden collapse
of these bubbles induces high-energy phenomena and pro-
duces reactive free radicals that are able to enhance a wide
variety of chemical and physical processes with several
potential applications in industrial processes [3,9,10].
The enhancement of enzymatic textile processes by the
use of ultrasound technology, such as the cotton bio-scour-
ing, was reported by Yachmenev and co-workers [6,7].
However, very little is known about the eﬀect of ultrasound
in enzymes, and many contradictory results have been
observed when enzymes are treated with high-intensity
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of ultrasound on some proteins (bovine serum albumin
and hemoglobin), where microspheres were formed due
to the chemical cross-linking of cysteine residues oxidized
by the radicals produced during sonolysis [11,12]. The for-
mation of stable proteinaceous microspheres, based on the
sonochemical method, was also reported by Avivi and
Gedanken [13,14]. According to a recent work, only some
of the enzymes are inactivated by application of high-inten-
sity ultrasound since ultrasonication does not denature all
proteins, contrarily to heat denaturation [15]. This would
explain the contradictory reports on the inﬂuence of soni-
cation in enzyme inactivation. For example, the ultrasound
treatment at 20 kHz and several powers (50, 100 and
120 W) did not change the character and selectivity of an
alkaline protease from Bacillus subtilis in the transesteriﬁ-
cation process in non-aqueous solvents [16], but contrarily,
a signiﬁcant decrease in the proteolytic activity was veriﬁed
upon ultrasound treatment at 26.4 kHz and 26 W/cm2 [17].
Also, trypsin showed decreased activity with increasing
ultrasound power from 100 W to 500 W at 20 kHz, where
the addition of Tween 80 and mannitol had a protective
eﬀect against the inactivation caused by ultrasound [18].
De Gennaro veriﬁed that the deactivating eﬃciency of
ultrasound on a horseradish peroxidase becomes very low
with increasing power of the ultrasound waves [19]. Inacti-
vation of glucose-6-phosphate dehydrogenase after long
exposure to ultrasound was reported, but similarly treated
alkaline phosphatase remained fully active [20]. Finally,
an activity increase was reported for an invertase in sugar
hydrolysis and acid phosphatase in soils with ultra-
sonication [21,22]. All these reports seem to suggest that
diﬀerences in response to sonication are the result of diﬀer-
ences in energy input, and emphasize the diﬃculties of
comparing ultrasonic work of diﬀerent researchers due to
the estimation of the ultrasonic power applied.
In the present study we have used a combined enzyme-
ultrasound treatment to study the potential of this technol-
ogy in the decolourization of textile eﬄuents. The eﬀect of
ultrasound on the stability of a laccase from Trametes vill-
osa was also investigated by measuring the residual activity
as a function of sonication energy and by analysing the
ultrasound-treated enzyme by electrophoresis and size-
exclusion chromatography.
2. Materials and methods
2.1. Reagents
Laccase (EC 1.10.3.2) from T. villosa (5.3 mg protein/
ml, 600 U/ml) was kindly provided by Novozymes
(Bagsvaerd, Denmark). Bovine serum albumin (BSA), tere-
phthalic acid (TA), 2.2 0-azinobis(3-ethylbenzthiazoline-6-
sulfonate) (ABTS), polyvinyl alcohol (PVA) with average
molecular mass of 30,000–70,000 g/mol, polyethylene
glycol (PEG) with average molecular mass of 10,000
g/mol and indigo carmine (IC), CI Acid Blue 74, were allpurchased from Sigma–Aldrich (St. Louis, USA). All other
reagents used were of analytical grade.
2.2. Protein concentration
The total protein concentration was determined by the
Bradford method, using BSA as standard [23].
2.3. Enzymatic activity
The assay mixture contained 0.5 · 103 M of 2.2 0-
azinobis(3-ethylbenzthiazoline-6-sulfonate) (ABTS), 0.1 M
sodium acetate buﬀer pH 5.0, and a suitable amount of
enzyme. Laccase activity was assayed spectrophoto-
metrically (Helyos c, Unicam) at 50 C by measuring
the increase of absorbance at 420 nm (e420 = 3.6 ·
104 M1 cm1) due to the oxidation of ABTS. The interfer-
ence of PVA in the assay was veriﬁed and its contribution
was found to be negligible. Enzyme activity (U) was
deﬁned as lmol of substrate oxidized per min.
2.4. Hydroxyl radicals produced by acoustic cavitation
The terephthalic acid (TA) in aqueous solution produces
terephthalate anions which react with hydroxy radicals
to produce highly ﬂuorescent hydroxyterephthalate ions
(HTA), whose concentration can be determined by ﬂuores-
cence measurements [24]. Solutions of 500 lmol/l of TA
were prepared in 0.1 M acetate buﬀer pH 5.0 and treated
with ultrasound at the power intensities of 25, 62 and
100 W for the 20 kHz frequency, 26 and 32 W for the
150 kHz frequency and 20 and 35 W for the 500 kHz
frequency, at 50 ± 2 C and varying the time of treatment
from 0 min to 30 min.
The 2-hydroxyterephthalic acid (HTA) solution was
prepared following the orientations described in the work
of Mason and collaborators [24]. The standard solution
of HTA was prepared in 0.1 M acetate buﬀer pH 5.0 with
an approximate concentration of 2000 lmol/l. Several dilu-
tions of known concentration were then prepared from the
mother solution. The HTA formation was estimated by
measuring the ﬂuorescence, using a spectroﬂuorophoto-
meter (RF-1501, Shimadzu), at an excitation wavelength
of 315 nm and an analysing wavelength of 425 nm [24].
It can be assumed that the ﬂuorescence intensity generated
by sonication is proportional to the concentration of the
HTA in the samples and is thus a measure of the quantity
of HO radicals released by cavitation. For that reason, a
graph of ﬂuorescence intensity against HTA concentration
was plotted (see Fig. 1).
2.5. Sonolysis of protein (BSA and laccase) solutions
The protein solutions (150 ml of total volume) were pre-
pared in 0.1 M acetate buﬀer pH 5.0 with a total protein
content of about 125 mg/l, determined by the Bradford
method [23]. The solutions were treated with ultrasound
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Fig. 1. Formation of OH (lmol/l) in function of the energy introduced in
the system for the frequencies of 20 kHz (j), 150 kHz (d) and 500 kHz
( ).
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72 W for the 150 kHz frequency and 47 W for the
500 kHz frequency, at a temperature of 50 ± 2 C. The
treated samples were then analysed by SDS–PAGE
electrophoresis.
The stability of laccase upon ultrasound treatment was
evaluated by determining the half-life time ðt1=2Þ of the lac-
case solutions, which is the time it takes for the activity to
reduce to a half of the initial value. The enzymatic activity
was measured at the beginning and at the end of the incu-
bation period and the activity decay results were ﬁtted to a
ﬁrst order deactivation model by using Origin 6.1 software
(OriginLab Corporation, Northampton, USA). Also, the
eﬀect of the addition of 10% solutions of polyethylene
glycol and polyvinyl alcohol on the stability of the enzyme
was studied. A control assay (laccase treated at the same
temperature of 50 ± 2 C and 40 rpm of stirring) was run
simultaneously.
2.6. SDS–PAGE electrophoresis
To determine the molecular weights of the proteins,
SDS–PAGE was carried out using the Hoefer miniVe
system from Amersham Pharmacia Biotech. The resolving
gels (10% acrylamide of about 1.5 mm thickness) were run
at a constant voltage (120 V) and prepared according to
the method originally described by Laemmli [25]. The
current was stopped when the bromophenol blue dye
marker had reached about 1 cm from the bottom of the
gel. Following electrophoresis, to observe the protein-band-
ing pattern on the gel, silver staining was carried out. Phos-
phorylase b (97 kDa), Albumin (66 kDa), Ovalbumin
(45 kDa), Carbonic Anydrase (30 kDa), Trypsin inhibitor
(20.1 kDa) and a-lactalbumin (14.4 kDa) were used for
calibration.
2.7. Size-exclusion chromatography
Analytical gel ﬁltration chromatography was performed
on a Superdex 200 HR 10/30 column (Amersham Pharma-cia, Uppsala, Sweden), sample volume of 200 ll, detection
at 280 nm and using a phosphate buﬀer (0.1 M, pH 7.0)
containing 0.1 M NaCl as eluent, with a ﬂow rate of
0.5 ml/min. Apoferritin (443 kDa), b-amylase (200 kDa),
alcohol dehydrogenase (150 kDa), bovine albumin
(66 kDa) and carbonic anydrase (29 kDa), all obtained
from Sigma, were used for calibration.
2.8. Multi-frequencies ultrasound equipment
• Ultrasound equipment at 150 kHz and 500 kHz: the
experimental set-up used was composed of an electrical
generator of multifrequencies of 150 kHz and 500 kHz.
The maximum intensity power, determined by the
calorimetric method [24], was 72 W for 150 kHz and
47 W for 500 kHz, supplied by a transducer ﬁxed on a
reactor module. The transducer consisted of a piezoelec-
tric ceramic provided by STIMIN (Italy), with a
diameter of 60 mm that was directly attached to the
bottom of a cylindrical glass cell. The diameter of the
glass cell was the same as that of the transducer and
the total height was 300 mm. The glass cell was not
sealed, so that all experiments were conducted under
air. Cold water was circulated around the cell for
refrigeration.
• Ultrasound equipment at 20 kHz: The experimental set-
up used was composed of an electrical generator of fre-
quencies of 20 kHz and intensity powers ranging from
7 W to 100 W supplied by a piezoelectric transducer pro-
vided by Sonics & Materials (USA), with probe diame-
ter of 13 mm. This intensity power was determined by
the calorimetric method [24]. The diameter of the glass
cell was 60 mm and the total height was 200 mm. The
glass cell was not sealed, so that all experiments were
conducted under air and cold water was circulated
around the cell for refrigeration.2.9. Decolourization of indigo carmine with ultrasound
and/or enzyme
Solutions of 10 mg/l of indigo carmine (150 ml of total
volume) in 0.1 M acetate buﬀer pH 5.0 were treated with
ultrasound and/or native laccase and also with laccase sta-
bilised with 1% of PVA. The protein concentration of the
enzymatic solutions was 7 mg/l. The temperature of treat-
ment was set at 50 ± 2 C and the time of treatment ranged
from 0 min to 60 min. The conditions for the ultrasound
treatment were set at
(1) an intensity power of 50 W for the 20 kHz frequency;
(2) an intensity power of 72 W for the 150 kHz
frequency;
(3) an intensity power of 47 W for the 500 kHz
frequency.
The decolourization of indigo carmine was determined
spectrophotometrically (Helyos y, Unicam) by measuring
358 C. Basto et al. / Ultrasonics Sonochemistry 14 (2007) 355–362the decrease of the absorbance at 598 nm, which was the
maximum absorbance wavelength for this dye.
3. Results and discussion
In this study we ﬁrst characterized our ultrasound reac-
tors in terms of radicals produced and energy input (from
intensity power and sonolysis time), using the methods of
Mason [24], as previously described. Those relations are
shown in Fig. 1 for the ultrasound frequencies tested in this
study (20, 150 and 500 kHz).
Despite the diﬀerent diameter of the transducers used,
our data conﬁrms the results achieved by Pe´trier and
co-workers [26–29], for which the greatest sonochemical
eﬃciency in producing OH radicals was attained for the
highest applied frequency. A linear relationship between
the amount of radicals formed and the energy introduced
into the system was achieved, whereas to the same fre-
quency a rise in the input energy brings an increase in the
radicals’ concentration.
3.1. Sonolysis of aqueous laccase solutions
As stated previously, the radicals formed by cavitation
are very reactive and can promote several physical and
chemical reactions. The reactions promoted by them,
together with the heat generated by ultrasound (cavitation
phenomena) can seriously interfere with enzyme activity
and stability. To evaluate that, the half-life time ðt1=2Þ for
laccase treated with ultrasound was estimated, and the
results are presented in Table 1. The estimated half-life
time for native laccase at 50 C was approximately 36 h,
decreasing considerably upon ultrasound treatment. The
half-life time decreased around 80% for laccase treated
with ultrasound at 20 kHz/50 W and 500 kHz/47 W. When
changing the ultrasound frequency and power to 150 kHz/
72 W, the loss in t1=2 was similar, namely of 82%.
The use of additives, such as surfactants, low molecular
weight polyols or polymers, to increase the stability of
enzymes to extreme environmental conditions is a common
practice. In this study, the addition of PEG and PVA was
investigated. At 50 C, the half-life time of laccase changed
only slightly by the addition of polyethylene glycol (PEG)
or polyvinyl alcohol (PVA) to the laccase solution. Never-
theless, when ultrasonic irradiation was applied, the esti-
mated half-life times of the enzymatic solutions showed a
considerable increase, when comparing with the enzymeTable 1
Estimated half-life times ðt1=2Þ for native laccase and laccase stabilised with
10% solutions of polyethylene glycol (PEG) and polyvinyl alcohol (PVA),
upon ultrasound treatment
Half-life time t1=2 (h) Laccase Laccase + PEG Laccase + PVA
Control 36 ± 1 30 ± 1 39 ± 2
20 kHz–50 W 7.0 ± 0.2 14.8 ± 0.2 17.4 ± 0.7
150 kHz–72 W 6.5 ± 0.2 9.8 ± 0.5 14.4 ± 0.7
500 kHz–47 W 7.2 ± 0.1 14.4 ± 0.7 30 ± 2alone, after the addition of these compounds at all the
ultrasound conditions tested. This increase was always
higher for the solution of laccase stabilized with PVA.
These two polymers are similar in chemical composition,
but their chemical structure is diﬀerent [30]. PEG has been
demonstrated to be particularly eﬀective at suppressing the
inactivation in chloroperoxidase and soybean peroxidase
[31–33]. In what concerns laccase, the addition of PEG had
a signiﬁcant protective eﬀect on the activity of laccase [34].
PVA is a known enzyme stabilizer, but surprisingly there
are not many studies reporting its eﬀects on laccase activity.
In a work carried out byKulys, laccase inactivation was pre-
vented by the addition of PVA, according to the authors due
to their globular structure [35]. It is also reported that the
addition of PVA caused an increase in the activity of some
enzymes [30], whose activity remained unchanged with the
addition of PEG. The authors explained this diﬀerence by
the hydrophobic character of these two polymers in solution:
PEG molecules did not aggregate, while PVA molecules
aggregated instantaneously when dissolved in water, thus
creating a hydrophobic layer around the enzyme. Thus, in
this study, the increased stabilizing eﬀect of PVA over
PEG might be due to their behaviour in solution, whereas
for laccase stabilized with PVA a more protective environ-
ment to the ultrasound treatment was formed.
Therefore, it is our assumption that laccase deactivation
under ultrasonication was due to the reaction of the protein
with the radicals produced during cavitation (hydroxyl
radicals, superoxide and peroxide) that may act as poten-
tial cross-linking agents promoting protein aggregation
[11,12]. The assessment of the formation of laccase aggre-
gates is considered in the following section.
3.2. Eﬀect of ultrasound on aggregates formation
The formation of macromolecular aggregates was
observed in the samples after the ultrasound treatment.
An insoluble precipitate was formed in the reaction vessels
(data not shown) conﬁrming the formation of aggregates.
The soluble fraction of the samples was analysed by size-
exclusion chromatography and by SDS–PAGE and we
have veriﬁed that big molecular aggregates were also
formed, as reported subsequently. A solution of bovine
serum albumin (BSA) was used to compare with the
enzyme, being subjected to the same ultrasound treatment
as laccase. This protein was used since it is a cheap wide-
spread protein, with a molecular mass very close to that
of the enzyme studied. Both laccase from T. villosa and
BSA have a molecular weight around 66 kDa (see Table 2).
The protein samples were treated with ultrasound at
150 kHz and were then analysed by SDS–PAGE electro-
phoresis. The resultant gel of laccase and BSA treated with
ultrasound is shown in Fig. 2.
The formation of aggregates of high molecular weight in
the samples treated with ultrasound is seen in the electro-
phoresis gel at the interface of the stacking and running
gel (Fig. 2). This formation is more evident when increasing
Table 2
Amount of cysteine residues for the proteins studied [37]
Protein Mw (kDa) No. of cysteine
residues
Laccase from T. villosa
(Swiss-prot no. Q99044)
63 5
Bovine serum albumin
(Swiss-prot no. PO2769)
66 35
Fig. 2. SDS–PAGE electrophoresis of a solution of laccase and BSA
treated with ultrasound at 150 kHz and 72 W. Lanes: Std – molecular
mass markers, 0–6 h – sample solutions treated with ultrasound respec-
tively from 0 h to 6 h.
Fig. 3. HPLC proﬁle of native laccase (dark line) and laccase treated with
ultrasound at 150 kHz for 6 h (bright line).
C. Basto et al. / Ultrasonics Sonochemistry 14 (2007) 355–362 359the time of treatment to more than four hours. Simulta-
neously, a progressive decrease of the characteristic band
of the native proteins of laccase and BSA is veriﬁed, while
increasing the time of treatment. This fact is reinforcing the
idea that high molecular weight aggregates are being
formed from the native protein. These aggregates are being
trapped in the interface of the stacking gel and running gel,
since that due to their large dimension they cannot pene-
trate inside the 10% acrylamide running gel.
This result was also conﬁrmed by the HPLC analysis of
native laccase and laccase treated with ultrasound for 6 h at
the same conditions. Fig. 3 shows the elution pattern of
both laccase solutions.
In the above ﬁgure the formation of a peak of high
molecular weight is observed at the beginning of the elution
volume (around 9 ml), while the peak of native laccase is
getting smaller. This result corroborates the idea that
aggregates are being formed by the ultrasound treatment
of the proteins.
The formation of aggregates in proteins upon ultra-
sound treatment was observed by several authors. Accord-
ing to Suslick, Gedanken and their respective co-workers,
these aggregates could be produced by the exposure of
the cystine residues of proteins to the reaction with the high
reactive generated superoxide radicals formed in the soni-
cation of water under air, thus leading to the formation
of disulphide bonds between proteins [11–14].The proteins studied in this particular work contain sev-
eral cysteine residues (Table 2). It is known that during cer-
tain conditions, the tertiary structure of the proteins may
change in such a way that sulfhydryl and cystine groups
are exposed to the solvent and become chemically reactive.
The rate of disulphide bond formation of most native pro-
teins is low and it can be increased by unfolding the native
structure with application of high pressure, elevated tem-
perature, shear or other conditions. Thus cysteine residues
and disulphide bonds that are not accessible in the native
conformation can become available and may react to form
intermolecular cross-links [36].
The formation of aggregates in enzymes subjected to
ultrasonication was also veriﬁed by other researchers.
The enzyme porcine fumarase was induced to aggregation
and had loss of enzymatic activity, by the exposure to
hydrogen peroxide and hydroxyl-free radicals produced
by irradiation of the aqueous solution with ultrasound
[38]. The enzyme inactivation was due to the forma-
tion of disulphide aggregates. The main consequence of
aggregation, according to the authors, was a rapid decrease
in protein solubility, producing a detectable fumarase pre-
cipitate. In another work, the inhibition of BSA aggrega-
tion was performed by adding a scavenger of OH free
radicals [39]. In that particular work, BSA, a completely
water soluble protein, was polymerized by the OH free
radicals, which resulted in solubility loss. When L-ascor-
byl-6-palmitate, an OH free radical scavenger, was
added to the system, a reduction of polymerization resulted
in a quantiﬁable decrease of water insoluble protein
fraction.
3.3. Decolourization of indigo carmine
Fig. 4 shows the decolourization degree of a dye solu-
tion of indigo carmine, when treated with ultrasound
and/or laccase, stabilised or not with 1% PVA.
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without any ultrasound treatment, was approximately
20%. This was the lowest decolourization degree attained,
meaning that laccase alone was not able to completely de-
colourize the indigo carmine solution within 1 h of treat-
ment. This result is in agreement with other reported
studies. The complete decolourization of indigo carmine,
an indigoid dye, by a laccase from T. hirsuta was only
achieved when more than 30 h of treatment were used with
the enzyme immobilized in alginate beds [40] and it took
approximately 3 days when the same laccase was immobi-
lized in stainless steel sponge [41]. It is worth to remind that
no mediators were used in this study to improve the dye de-
colourization reaction. It is reported in a recent study that
indigo carmine had a decolourization degree of 50% in 6 h
by using laccase from T. villosa, increasing to 100% in less
than 1 h when mediators were used [42]. The obvious
advantage of using PVA to increase the decolourization
degree is its low toxicity, comparing with the mediators.
Ultrasound treatment alone had always a higher degree
of decolourization than laccase alone although its values
were very close to those attained for the decolourization
of indigo carmine by laccase stabilized with PVA (data
not shown). This data conﬁrms the stabilizing eﬀect of
PVA for this enzyme. The mechanism of sono-degradation
of dyes involves the cavitation phenomenon and the con-
centration of the hydroxyl radicals in the aqueous medium
[43]. According to Okitsu, the oxidative decomposition of
the dyes occurs quickly by the reaction with OH radicals
in the interface region of the collapsing bubbles [43]. This
assumption of dye degradation by the radicals formed dur-
ing cavitation is conﬁrmed by the fact that the decolouriza-
tion degree is accelerated by increasing the power output at
a given frequency [44,45].
In this study, the maximum decolourization degree was
attained for the 150 kHz frequency, either for the indigocarmine solution treated only with ultrasound, treated with
laccase and ultrasound or treated with laccase/PVA and
ultrasound. For the other two frequencies studied (20
and 500 kHz), the values attained for the decolourization
degree in all these situations were lower and quite similar.
The observation of an optimum frequency for the degrada-
tion of organic compounds, which is linked with its physi-
cal and chemical properties, was previously reported by
Pe´trier and co-workers [26–29]. According to these
authors, the frequency has to be optimized for each partic-
ular compound for the reactions induced by OH radicals
[26,28,29] in order to achieve the maximum sonochemical
reaction rates. This optimum can be explained by consider-
ing a two step process. In the ﬁrst step, H2O and O2 are
sonolysed inside the cavitation bubble to produce the rad-
icals and in the second step, HO and HOO radicals move to
the liquid-bubble interface to react with the organic sub-
strate or recombine with each other to form H2O2. The
reaction rate hence depends on the number of radicals
formed within the bubble and on the extent of radical
release to the bulk liquid. As frequency enhances, the pul-
sation and collapse of the bubble occur more rapidly and
more radicals escape from the bubble. However, at high
frequency the acoustic period is shorter and the size of
cavitation bubbles decreases. As a consequence, the cavita-
tion threshold becomes higher and cavitation intensity
decreases; thus reducing the amount of radicals which
could be ejected. The optimum ﬁnd at 150 kHz is a conse-
quence of these two antagonistic phenomena. In other
words, to achieve the maximum sonochemical reaction
rate, there should be an optimum ultrasonic frequency
for the reactions induced by OH radicals [29].
Fig. 5 shows the synergistic eﬀect of PVA in indigo car-
mine decolourization as a function of ultrasound condi-
tions. As previously stated, the decolourization ability of
laccase was 20%, whereas the synergistic eﬀect of PVA
was found to be around 9% for all the cases. Thus, the
higher decolourization degree found for the 150 kHz
C. Basto et al. / Ultrasonics Sonochemistry 14 (2007) 355–362 361frequency can only be attributed to the higher number of
radicals formed at this frequency and consequently a
higher potential for dye decolourization.
These results conﬁrm the potential of applying ultra-
sound technologies to decolourization systems and that
there is no necessity to use mediators to improve the
decolourization process of several dyes, such as indigo
carmine, by laccase. The performance of laccase in ultra-
sound treatments can be improved additionally by
stabilizing the enzyme with PVA. This may be an indication
that the variability of the decolourization eﬃciency of the
enzymatic treatments with ultrasound is also dependent
on the enzyme deactivation upon ultrasonic irradiation.4. Conclusions
The application of enzymes for textile industrial pro-
cesses is gaining importance rapidly. In the last years the
use of the ultrasound as a partner for the enzymatic treat-
ments is being attempted. However, this study shows that
the enzymatic activity of laccase from T. villosa is strongly
aﬀected upon ultrasound treatment. The deactivation of
the enzyme can be explained by the exposure of cystine res-
idues and reaction with the highly reactive radicals formed.
This leads to an aggregation phenomenon, that may com-
pletely hinder the active site, while, at the same time,
decreases protein stability.
The addition of polyvinyl alcohol to the medium
increases the stability and the catalytic eﬃciency of the
enzyme by minimizing ultrasound eﬀects. Thus, the com-
bined process of ultrasound together with enzymatic treat-
ment can be explored successfully. The decolourization of
indigo carmine was considerably higher for the combined
treatment of ultrasound and laccase stabilized with PVA,
where the decolourization degree ranged from 65% to
77% in only one hour of treatment. It was also veriﬁed that
indigo carmine decolourization was frequency dependent,
and an optimum decolourization degree was attained for
the 150 kHz. This optimum can be explained by two antag-
onistic phenomena: the production and release of radicals
to the reaction media.Acknowledgements
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